Little is known about how hematopoietic stem cells (HSCs) self-renew. We studied the regeneration of HSCs in culture. Effects of various cytokines on cell division of CD34 Ϫր low c-Kit ϩ Sca-1 ϩ lineage marker-negative (CD34 Ϫ KSL) bone marrow cells of the mouse were first evaluated in serum-free single cell culture. We then performed a competitive repopulation assay on divided cells to ask if such cell division involved self-renewal of HSCs.
Introduction
Hematopoietic stem cells (HSCs) 1 are defined by their ability both to self-renew and to differentiate into all blood cell lineages throughout the life of an organism (1) . The differentiation potential of HSCs has been extensively characterized over decades. However, the self-renewal potential of HSCs remains poorly understood, mostly because of the lack of culture conditions in which HSCs can self-renew in vitro without differentiation. HSC assays rely on in vivo transplantation, which also hampers study of the selfrenewal of HSCs. For example, the frequency of HSCs in C57BL/6 mice has been estimated to be from 1 to 10 per 10 5 bone marrow cells (2) (3) (4) (5) . As variations in HSC measurement may be unavoidable, it is difficult to evaluate a small increase in HSC number.
In vivo self-renewal of HSCs has been studied by marking HSCs with retroviral integration. It has been shown that restricted clones expand in anemic (6) or myeloablated hosts after transplantation (7, 8) . Quantitative studies have also explored HSC expansion after transplantation. It has been calculated that one competitive repopulating unit (CRU) can regenerate up to 15 CRU on average after transplantation into lethally irradiated mice (9) . We have recently measured the numbers of HSCs that one HSC can produce after transplantation; our unpublished data support in vivo expansion of HSCs.
Attempts to amplify HSCs in vitro have been made under various culture conditions. Clonal expansion of HSCs takes place in Dexter-type culture, albeit with a net loss in the number of HSCs (10, 11) . Recently, a modest net gain of HSCs has been reported using serum-free culture containing stem cell factor (SCF), IL-11, and Flt-3 ligand (12) . Labeling experiments with carboxyfluorescein diacetate succinimidyl ester (CFSE) suggested that dividing cells in culture contributed to this expansion of HSC numbers (13) . Thrombopoietin (TPO) is the primary regulator of megakaryopoiesis (14) . Apart from its lineage-restricted effect, TPO has also been shown to promote the survival of HSCs (15) . TPO acts synergistically with SCF (16) (17) (18) . The addition of TPO to Dexter culture has been reported to support expansion of HSCs (19) . Collectively, these data suggest that HSCs also are able to self-renew in vitro under certain conditions.
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The purpose of this study was to obtain definite proof of in vitro self-renewal of HSCs to investigate a manner of HSC division. We used CD34 Ϫ /low Kit ϩ Sca-1 ϩ lineage marker-negative (CD34 Ϫ KSL) bone marrow cells, in which HSCs are significantly enriched (20) . The strategies were designed as follows: (a) in vitro induction of cell division of single CD34 Ϫ KSL cells by certain cytokines, (b) detection of HSCs among cells in culture derived from single cells, and (c) detection of HSC activity in each cell of paired daughter cells. We first screened various cytokines for mitogenic stimulation to CD34 Ϫ KSL cells. SCF was necessary for the in vitro survival of CD34 Ϫ KSL cells, as previously suggested (21, 22) . As TPO, IL-3, or IL-6 promoted cell division of CD34 Ϫ KSL cells in the presence of SCF, cells derived from a single cell in these culture conditions were subjected to transplantation experiments. Significant stem cell activity was detected among progeny of single cells cultured with SCF and TPO. This activity was considered to belong to one of the separated daughter cells. Our findings constitute evidence for in vitro self-renewal of HSCs.
Materials and Methods
Mice. C57BL/6 (B6-Ly5.2) mice were purchased from Charles River Japan, Inc. Mice congenic for the Ly5 locus (B6-Ly5.1) were bred and maintained at the University of Tsukuba Animal Research Center. The Animal Experiment Committee of the University of Tsukuba approved animal care and use. B6-Ly5.1/Ly5.2 (B6-F1) mice were obtained from mating pairs of B6-Ly5.1 and B6-Ly5.2 mice.
Cells. CD34 Ϫ KSL cells were purified from bone marrow cells of 2-mo-old B6-Ly5.1 mice as previously described (20) . In brief, low-density cells were isolated on Lymphoprep (Nycomed). The cells were stained with an antibody cocktail consisting of biotinylated anti-Gr-1 (RB6-8C5), Mac-1 (M1/70), B220 (RA3-6B2), CD4 (GK1.5), CD8 (53-6.7), and Ter-119 mAbs. Lineage-positive cells were depleted with streptavidin-magnetic beads (M-280; Dynal). The cells were further stained with PEconjugated anti-Sca-1, allophycocyanin (APC)-conjugated anti-c-Kit (ACK-2), and FITC-conjugated anti-CD34 (49E8) antibodies. Biotinylated antibodies were developed with streptavidin-Texas Red (Life Technologies). All antibodies except for ACK-2 (a gift of Dr. S.I. Nishikawa, Kyoto University, Kyoto, Japan) were purchased from PharMingen. Four-color analysis and sorting were performed on a FACS Vantage™ (Becton Dickinson). Dead cells stained with propidium iodide were excluded from analysis and sorting. Automated deposition of single cells was carried out by Clone-Cyt (Becton Dickinson). After cell sorting, the presence of one cell per well was verified under an inverted microscope.
Single Cell Culture. A round-bottomed 96-well plate (Corning Inc.) was used for culture. A well contained 200 l of 5 ϫ 10 Ϫ 5 M 2-␤ -mercaptoethanol and 2 mM l -glutamine in StemPro-34 SFM (Life Technologies). Cytokines supplemented were: 10 ng/ml mouse SCF, 100 ng/ml human TPO, 10 ng/ml mouse IL-3, 100 ng/ml human IL-6 (PeproTech), 100 ng/ml human IL-11 (PeproTech), and 10 ng/ml human G-CSF. SCF, TPO, IL-3, and G-CSF were provided by Kirin Brewery Co., Takasaki, Japan. The cells were incubated at 37 Њ C in a humidified atmosphere with 5% CO 2 in air. The number of cells per well was monitored until day 7 of culture. Final evaluation of cell division and colony formation was conducted at day 14 of culture.
Competitive Repopulation Assay. Competitive repopulation (23, 24) using the Ly5 system was performed as described (25) . In brief, single cells or cells derived from single cells in culture (B6-Ly5.1) were mixed with 2 ϫ 10 5 bone marrow competitor cells (B6-F1) and were transplanted into B6-Ly5.2 mice irradiated at a dose of 9.5 Gy. After transplantation, peripheral blood cells of the recipients were stained with biotinylated anti-Ly5.1 (A20) and FITC-conjugated anti-Ly5.2 (104). The cells were simultaneously stained with PE-conjugated anti-B220 antibody or a mixture of PE-conjugated anti-Mac-1 and -Gr-1 antibodies or a mixture of PE-conjugated anti-CD4 and -CD8 antibodies. Biotinylated antibody was developed with streptavidin-APC (PharMingen). The cells were analyzed on a FACS ® . Percentage chimerism was calculated as (percent Ly5.1 cells) ϫ 100/(percent Ly5.1 cells ϩ percent F1 cells). When percent chimerism was Ͼ 1.0 with myeloid and B and T lymphoid lineage reconstitution, recipient mice were considered to be multilineage reconstituted (positive mice).
Secondary Transplantation. 2 ϫ 10 6 bone marrow cells of the primary recipient mice were transferred into lethally irradiated B6-Ly5.2 mice. Competition between test (Ly5.1) and competitor (F1) donor cells in secondary recipients (Ly5.2) was evaluated as in primary recipients.
Paired Daughter Cells. When a single cell gave rise to two daughter cells in culture, daughter cells were separated into different wells by using micromanipulation technique as described (26, 27) . Individual paired daughter cells were further incubated under the same conditions as before. Cultured cells were subjected to a competitive repopulation assay. In combination with SCF, TPO induced cell division in nearly 90% of CD34 Ϫ KSL cells. Half of them continuously divided and formed colonies. In response to SCF plus IL-3 or IL-6, ‫ف‬ 65 or 50% of these cells underwent cell division. Approximately half or one-fourth of the single cells that had undergone cell division at least once developed colonies in the presence of SCF plus IL-3 or IL-6. Fig. 2 shows cumulative percentages of first cell division within a week of culture. In the presence of SCF alone, CD34 Ϫ KSL cells underwent a first cell division in a random fashion. In the presence of TPO and SCF, Ͼ 50% of the cells underwent a first cell division between days 1 and 2, suggesting that these cytokines accelerate and presumably synchronize the entry of CD34 Ϫ KSL cells into the cell cycle. The data support previous findings that this combination of cytokines shortens the time required for the first cell division of Hoechst 33342 low and rhodamine 123 low cells which have also been shown to represent an HSC population (17) . IL-3 or IL-6 in combination with SCF showed a similar effect, but to a lesser extent, on induction of cell division. These data indicate that TPO with the support of SCF directly and efficiently acted on CD34 Ϫ KSL cells as a mitogenic factor.
Results

Induction of CD34
Regeneration of Repopulating Cells in Culture with Different Combinations of Cytokines. To clarify whether multilineage repopulating cells were present in culture after a single CD34 Ϫ KSL cell gave rise to multiple cells, cultured cells were subjected to a competitive repopulation assay. As shown in Table I , multilineage repopulating cells were detected in 41.2% of freshly isolated single CD34 Ϫ KSL cells. When CD34 Ϫ KSL cells were incubated in the presence of SCF plus IL-3 or IL-6 or TPO for 3 d, single cells gave rise to various numbers of cells (Fig. 3) . Two cells at day 3 of culture were individually transplanted into lethally irradiated mice, together with competitor cells. Blood cells of the recipient mice were analyzed at 12 wk after transplantation. Multilineage reconstitution was observed in 10.5% of the mice transplanted with two cells generated in the presence of SCF and IL-3 (Table I) . No repopulating cells were detected among 15 recipients of two cells generated in the presence of SCF and IL-6. In contrast, 30% of the mice transplanted with two cells cultured in the presence of SCF and TPO for 3 d showed multilineage reconstitution. Thus, in combination with SCF, TPO supported the gen- 
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In Vitro Self-Renewal Division of Hematopoietic Stem Cells eration of repopulating cells more efficiently than did IL-3 or IL-6. In culture with SCF and TPO, ‫ف‬ 20% of the cells remained without cell division for 3 d (Fig. 3) . We transplanted these single cells in culture to examine their repopulating activity. As shown in Table I , 25% of these cells showed reconstitution. Thus, repopulating cells still remained as single cells through 3 d of culture. However, their repopulating activity seemed comparable to that of the cells that had already undergone cell division by day 3 of culture.
Transplantation of Various Numbers of Cells in Culture with SCF and TPO. Single CD34 Ϫ KSL cells gave rise to widely ranging numbers of cells in the presence of SCF and TPO when incubation time was extended through day 6 (Fig. 3) . To study the relationship between the number of cells generated and the presence of repopulating cells among them, different numbers of cells in cultures were individually transplanted into irradiated mice. A group of mice transplanted with 2-7 cells was compared with a group of mice transplanted with 9-16 cells as shown in Table I. Multilineage reconstitution occurred in ‫ف‬ 15% of the recipients of 2-7 cultured cells. Fig. 4 A shows data from FACS ® analyses for one of the best reconstituted mice from this group. Myeloid and B and T lymphoid cells were reconstituted with cultured cells (Ly5.1) as well as with cells derived from competitor cells (F1). On the other hand, 7% of the recipients of 9-16 cells showed multilineage reconstitution. It should be noted that the percentage of positive mice decreased as incubation time increased. These data suggest that repopulating cells cease to persist as cells undergo more division with longer incubation time under the conditions used.
Secondary Transplantation of Bone Marrow Cells Reconstituted with Clonal Cultured Cells.
To evaluate the self-renewal potential of repopulating cells present in clonal cultured cells, a secondary transplantation was performed at 20 wk after primary transplantation. As shown in Table II , mice 1, 2, 3, and 4 were reconstituted with 3, 4, 4, and 6 cells derived from a single cell cultured with SCF and TPO for 6 d. The number of bone marrow cells recovered per mouse was comparable to the number collected from a normal mouse. The percentages of chimerism in bone marrow cells were similar to those in peripheral blood cells. In all cases, 2 ϫ 10 6 bone marrow cells from the reconstituted mice were transferred into each lethally irradiated mouse. Blood cells of the recipients were subjected to FACS ® analysis another 20 wk after secondary transplantation. Table II shows the result of analysis for secondary recipients. All secondary recipients of cells from mice 3 and 4 were multilineage reconstituted with culture-derived cells. One of the best reconstituted cases is shown. An irradiated mouse was transplanted with six cells generated from one cell in culture with SCF and TPO by day 6 of incubation (see Table I ). We concluded that self-renewing repopulating cells were present among the cells that had been generated from single cells cultured with SCF and TPO. Some repopulating cells among cultured cells were not capable of further repopulation in secondary recipients, suggesting heterogeneity of regenerated repopulating cells in terms of selfrenewal potential.
Transplantation of Each Paired Daughter Cell. We examined stem cell activity in paired daughter cells. To do this, when a single cell gave rise to two daughter cells by day 2 of culture with SCF and TPO, one of the daughter cells was transferred into a new well by micromanipulation. We selected pairs in which both cells subsequently gave rise to two cells by the following day. Two cells derived from each paired daughter cell at day 3 of culture were individually transplanted into an irradiated mouse. Thereby we wished to evaluate which daughter cell retained repopulating activity. As a control in this experiment, four cells generated directly from a single cell in culture by day 3 were transplanted.
The result of long-term reconstitution with paired daughter cells is shown in Table III . When four unmanipulated cells were transplanted, multilineage long-term reconstitution was observed in 2 of 14 recipient mice (14.3%). On the other hand, when two cells derived from individual paired daughter cells were transplanted, 2 of 26 recipient mice showed a long-term reconstitution. Since these 2 positive mice received daughter cell-derived cells from different pairs, repopulating cells turned out to be detected in 2 of 13 pairs (15.4%) examined. These reconstituted mice, designated as mice 5 and 6, subsequently served as donors for secondary transplantation. As shown in Table IV , successful transplantation was observed for all recipients of bone marrow cells from mouse 5, but only 3 of 10 recipients of cells from mouse 6 showed multilineage reconstitution.
Discussion
The experiments described here demonstrate in vitro selfrenewal of HSCs. Both multilineage repopulating potential and self-renewing potential were detected in cells produced by a single CD34 Ϫ KSL cell. It is evident that a single cell regenerated at least one HSC under the conditions used.
The combination of SCF and TPO was more effective for regeneration of HSCs than was the combination of SCF and IL-3 or SCF and IL-6. It has been shown that c-Mpl, the receptor for TPO, is expressed on HSCs (28). We have detected its expression in CD34 Ϫ KSL cells at the messenger RNA level (29) . TPO has been suggested to act directly on an HSC population (17) . We conclude that the induction of self-renewal is a direct effect of TPO in support of SCF, as defined conditions were used for singlecell culture. Studies of c-kit mutant mice (30) and c-mpl knockout mice (31) have suggested that self-renewal ability of HSCs in these mice is reduced. Accordingly, SCF 
3.0 ϫ 10 7 (6.5) 10/10 18.5 Ϯ 11.7 (n ϭ 10) 27.3 Ϯ 15.1 (n ϭ 10) 12.5 Ϯ 8.9 (n ϭ 10) 14.9 Ϯ 13.9 (n ϭ 10) 4 6 2.6 ϫ 10 7 (63.0) 9/9 16.7 Ϯ 10.8 (n ϭ 9) 5.4 Ϯ 2.6 (n ϭ 9) 13.4 Ϯ 6.2 (n ϭ 9) 38.3 Ϯ 22.0 (n ϭ 9)
At 20 wk after primary transplantation, bone marrow cells were collected from both tibiae and femora of mice reconstituted with cultured cells of single cell origin. 2 ϫ 10 6 cells were transferred into each secondary recipient. At 20 wk after secondary transplantation, peripheral blood cells of the recipients were analyzed for percent chimerism of cells derived from a single cell. WBCs, white blood cells. Four cells generated from a single cell by day 3 were transplanted. When a single cell gave rise to paired daughter cells at day 2 of culture, two cells were separated by micromanipulation. Two cells that were further generated from each paired daughter cell at day 3 were individually transplanted into an irradiated mouse. Peripheral blood cells were analyzed for the presence of test donor-derived cells at 20 wk after transplantation. The number of mice reconstituted is shown when 4 cells were transplanted, as is the number of positive pairs when 2 paired daughter-derived cells were transplanted. ϩ,Ϫ pair, one of the two recipients was reconstituted. ϩ,ϩ pair, both recipients were reconstituted. *Mice serving as donors for secondary transplantation following the analysis.
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We predicted that HSCs would retain their activity after they underwent cell division a few times in the presence of any cytokine combination. However, this was not the case. After single cells underwent cell division only once, repopulating potential appeared to be lost from some of these cells, and the maintenance of repopulating activity in divided cells was influenced by the cytokines used. Thus, depending on the culture condition used, HSCs could begin the differentiation process even at the first cell division. They tend to lose their self-renewal potential after repeated divisions under the in vitro conditions. Indeed, the number of multilineage repopulating cells substantially decreased as the numbers of their progeny in culture with SCF and TPO increased, although self-renewal cell division was certainly detected in these events (Table I) . However, once these cells were restored to an in vivo environment, some of them proved to have maintained their potential, as shown in the transplantation experiments (Tables I and II) .
The combination of SCF and IL-11 was less effective on cell division of CD34 Ϫ KSL cells than was that of SCF and IL-6 (data not shown). However, because it has been described that SCF and IL-11 in combination with Flt-3 ligand expand HSCs by day 10 of culture (12, 13), we are currently examining the effect of this cytokine combination on HSC self-renewal in our single-cell system.
Results of the paired daughter cell experiment confirmed the presence of one HSC in a pair. The incidence of reconstitution among mice transplanted with four cells derived from a single cell was similar to the incidence of positive pairs among the pairs consisting of two mice individually transplanted with two cells derived from paired daughter cells (14.3 and 15.4%). We interpret this result to mean that when the cells initially cultured were HSCs, a first cell division of these cells resulted in two daughter cells, of which one was an HSC and the other was committed to differentiation. It is suggested that self-renewal occurs by asymmetric cell division in the presence of SCF and TPO. To verify this possibility, the same experiment should be performed but with a large number of paired daughter cells. Otherwise, different culture conditions to efficiently induce symmetric self-renewal division should be identified.
We observed a variety of reconstitution levels among the recipients of freshly isolated single cells as well as of cells derived from single cells in culture, as presented in Table I . This observation is likely to reflect the heterogeneity of HSCs and of regenerated HSCs in repopulating activity. The heterogeneity of HSCs may result from their asymmetric cell divisions during the development of hematopoiesis as has been suggested (32) . It is possible that HSCs regenerate a variety of HSCs in self-renewal and differentiation potentials in vivo.
It has been suggested that slowly dividing cells have higher proliferative potential than do rapidly dividing cells in the case of human candidate HSCs (32) . It is possible that rapidly dividing cells with less repopulating activity were selected for study of paired daughter cell transplantation. However, when two cells and single cells at day 3 of culture were examined by competitive repopulation, the frequencies of the presence of repopulating cells and their degrees of repopulation were comparable between the two groups ( Table I ). The mouse transplanted with daughter cell-derived cells showed one of the highest repopulation levels (61.4% total chimerism). Furthermore, when single cells that remained without cell division through day 6 of culture were transplanted, none of the six recipients showed repopulating activity (data not shown). More such cases should be examined for HSC activity. However, single cells at day 6 of culture constituted only a minor population (10%) of cultured cells. Therefore, we believe that a majority of repopulating cells in CD34 Ϫ KSL cells underwent cell division by day 6 of culture under the conditions used. It is suggested that cell division of HSCs may be controllable to a certain extent by exogenous factors.
The single cell culture and transplantation system described in this paper may serve as a sensitive and powerful Two mice successfully reconstituted with daughter cell-derived cells (see Table III ) served as donors for secondary transplantation. The indicated numbers of bone marrow (BM) cells were collected from these mice 20 wk after transplantation. Percent Ly5.1 shows the percentage of daughter cell-derived cells among bone marrow cells. In both cases, 2 ϫ 10 6 bone marrow cells were transferred into each of 10 lethally irradiated mice. Peripheral blood cells of the recipients were analyzed 20 wk after secondary transplantation. WBCs, white blood cells.
assay to investigate in vitro HSC self-renewal. It is possible to rigorously examine the effects of cytokines, as demonstrated herein, but also those of any sort of protein.
